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Summary

Secretory phospholipase A, exhibits much greater activity toward apoptotic versus healthy cells.
Various plasma membrane changes responsible for this phenomenon have been proposed,
including biophysical alterations described as “membrane fluidity” and “order.” Understanding of
these membrane perturbations was refined by applying studies with model membranes to
fluorescence measurements during thapsigargin-induced apoptosis of S49 cells using probes
specific for the plasma membrane: Patman and trimethylammonium-diphenylhexatriene.
Alterations in emission properties of these probes corresponded with enhanced susceptibility of
the cells to hydrolysis by secretory phospholipase A,. By applying a quantitative model, additional
information was extracted from the kinetics of Patman equilibration with the membrane. Taken
together, these data suggested that the phospholipids of apoptotic membranes display greater
spacing between adjacent headgroups, reduced interactions between neighboring lipid tails, and
increased penetration of water among the heads. The phase transition of artificial bilayers was
used to calibrate quantitatively the relationship between probe fluorescence and the energy of
interlipid interactions. This analysis was applied to results from apoptotic cells to estimate the
frequency with which phospholipids protrude sufficiently at the membrane surface to enter the
enzyme’s active site. The data suggested that this frequency increases 50-100-fold as membranes
become susceptible to hydrolysis during apoptosis.
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1. Introduction

Secretory phospholipase A, (SPLA>) is an enzyme which adsorbs to the cell surface and
hydrolyzes phospholipid acyl chains in the sn-2 position, yielding lysophospholipid and
fatty acid (often arachidonic acid). Moreover, SPLA, is a model protein for studying
enzymatic activity at a lipid-water interface. Interestingly, all cell membranes are not
equally susceptible to hydrolysis by sPLA,. Healthy cells resist hydrolysis by this enzyme
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whereas apoptotic or damaged cells become susceptible [1-4]. Studies have suggested that
perturbations to the bilayer cause changes in the physical properties of the membrane,
allowing individual lipids to migrate into the enzyme’s active site and become hydrolyzed
[2, 5-9].

Attempts to understand this differential susceptibility have emphasized changes that occur in
the plasma membrane during apoptosis. Three relevant changes have been described, but all
are not equally understood. The most well-defined change is externalization of
phosphatidylserine (PS), which is sequestered in the inner leaflet of the lipid bilayer in
healthy cells. The thought is that the negative charge of exposed PS facilitates adsorption of
SPLA, to the membrane surface [5, 10, 11]. Accordingly, many studies have demonstrated
that SPLA, has higher activity toward anionic compared to zwitterionic synthetic
membranes [12-17]. A second property correlating with SPLA, activity is increased
membrane permeability [18]. The mechanistic basis of this relationship is not yet understood
and will not be addressed in this paper. The third alteration has been suggested by studies
utilizing fluorescent membrane probes such as merocyanine 540 (MC540), Laurdan, and
diphenylhexatriene (DPH) [2, 5, 6, 9]. These modifications appear necessary for membrane
susceptibility to SPLA,, but they are vaguely defined as changes in “membrane fluidity” and
“order.” In addition, there have been challenges in interpreting the results to focus solely on
the plasma membrane because Laurdan and DPH freely enter the cell and interact with
intracellular membranes.

These biophysical changes are more specifically defined in this study by assaying Patman
spectral shifts and equilibration kinetics as well as trimethylammonium-DPH (TMA-DPH)
anisotropy during thapsigargin-induced apoptosis. Thapsigargin (TG) produces endoplasmic
reticulum stress by inhibiting the Ca2* ATPase, and was chosen because it initiates
synchronized cell death on a time scale amenable to the experiments required for this study.
Patman and TMA-DPH are cationic versions of Laurdan and DPH that have been reported
to reside primarily in the plasma membrane [19-21] and therefore eliminate the ambiguities
of probe entering the cell. The experiments with Patman apply work done in model
membranes by Franchino et al. [22]. Using vesicles of different compositions and a
quantitative model, they determined that the pattern of equilibration of Patman reflects
different configurations of the probe in the bilayer. They also concluded that the kinetics
reveal dynamic changes in the molecular environment around the probe and can be used to
infer additional biophysical detail beyond what can be gleaned from steady-state
observations. Data from TMA-DPH and Patman during the main phase transition of
artificial bilayers with different compositions are also used to correlate fluorescence
observations with the interaction energy among adjacent phospholipids. The resulting
calibration coefficients are then applied to data from living cells to estimate increases in the
probability of lipid protrusions that promote hydrolysis during apoptosis [23, 24].

2. Materials and methods

2.1 Reagents

The monomeric aspartate-49 sPLA, was isolated from the venom of Agkistrodon piscivorus
piscivorus as described [25]. Snake venom sPLA, was used because of its availability and
sensitivity to biophysical changes in the plasma membrane. Results similar to those shown
here have been demonstrated with TG-induced susceptibility to human sPLA, isoforms [18].

lonomycin, DPH, TMA-DPH, MC540, acrylodan-labeled fatty acid-binding protein
(ADIFAB), propidium iodide, Laurdan, Patman, and annexin V Alexa Fluor® 488 conjugate
were all purchased from subsidiaries of Life Technologies (Grand Island, NY). The
carboxyfluorescein-labeled peptide (Val-Ala-Asp) fluoromethylketone caspase inhibitor
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(FAM-VAD-fmk) was acquired from Cell Technology (Mountain View, CA). Thapsigarin
and Z-Val-Ala-Asp(OMe)-Fluoromethylketone (Z-VAD-fmk) were both acquired from
Enzo Life Sciences (Plymouth Meeting, PA). These agents were dissolved in N,N-
dimethylformamide, dimethylsulfoxide (DMSQ), or aqueous buffer as appropriate. Lipids
were purchased from Avanti Polar Lipids (Birmingham, AL). All other reagents were
obtained from standard suppliers.

S49 lymphoma cells were grown in Dulbecco’s Modified Eagle Medium containing 10%
heat-inactivated horse serum at 10% CO, and 37°C as described [26]. Cells in culture
medium were treated with TG (5 uM final) or equivalent volumes of the solvent (DMSO)
and incubated for the indicated times. When applicable, Z-VAD-fmk (50 uM) was added in
culture 30 min before TG or DMSO. Cells were harvested by centrifugation, washed, and
resuspended in a balanced salt buffer (134 mM NacCl, 6.2 mM KCI, 1.6 mM CaCl,, 1.2 mM
MgCl,, 18 mM HEPES, 13.6 mM glucose, pH 7.4 at 37° C) to a final density of about 0.25—
3 x 10 cells/ml for experiments. Sample viability was assessed by trypan blue exclusion.
All cell experiments were performed at 37 °C. Unless stated otherwise, all error
representations are SE.

Multilamellar vesicles were made using 1,2-dipalmitoyl-srglycero-3-phosphocholine
(DPPC), 1,2-dimyristoyl-sr+glycero-3-phosphocholine (DMPC), or 1,2-distearoyl-sm-
glycero-3-phosphocholine (DSPC). Samples (0.1 pmole phospholipid dissolved in
chloroform) were dispersed with TMA-DPH (1:200 probe:lipid), dried under a N, gas
stream, and suspended in 2 mL citrate buffer (20 mM sodium citrate/citric acid, 150 mM
KCI, pH 7). Suspensions were incubated 1 h in a shaking water bath at =50 °C (or = 60 °C
for all samples containing DSPC) with intermittent vortex mixing at 10-min intervals.

2.3 Fluorescence Spectroscopy

Time-based fluorescence intensities and emission spectra were collected with a Fluoromax
(Horiba Jobin Yvon, Edison, NJ) photon-counting spectrofluorometer. Anisotropy
measurements were taken with a PC-1 (ISS, Champaign, IL) photon-counting
spectrofluorometer. Continuous gentle stirring with a magnetic stir bar ensured sample
homogeneity, and temperature was maintained by a jacketed sample chamber fed by a
circulating water bath. Bandpass was set at 16 nm for anisotropy measurements and 4 nm
for all other experiments. Cell samples were treated and prepared as described above and
equilibrated in the fluorometer sample chamber for at least 5 min before initiating data
acquisition.

Membrane hydrolysis catalyzed by sPLA, was assayed by ADIFAB fluorescence and by
propidium iodide uptake in the presence of the enzyme. The amount of fatty acid released
was quantified by comparing ADIFAB fluorescence emission (65 nM final; excitation = 390
nm) at 432 and 505 nm (/432and /5p5) and calculating the generalized polarization as
described [26, 27]:

Iso5 — 1.
GP 1505 — 1432

ADIFAB ™~

)

Isos+1432
Propidium iodide fluorescence was collected over time (excitation = 537 nm, emission =
617 nm) as propidium iodide (37 uM final), SPLA, (70 nM final), and triton X-100 were
added sequentially. Triton X-100 permeabilizes all cells and provides the maximal

fluorescence. The proportional rise in propidium iodide fluorescence after the addition of
both propidium iodide and sPLA, was quantified by fitting fluorescence intensity time
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courses with an arbitrary function by nonlinear regression. The subpopulation of cells that
were alive but susceptible to SPLA, was quantified as the fraction of total propidium uptake
that occurred after SPLA, addition. The data were adjusted to account for cells with
degraded DNA (invisible in this assay) using data obtained from flow cytometery (see
below). Details of these calculations have been reported previously [11].

Merocyanine 540 (170 nM final) spectra (excitation: 540 nm, emission: 550 to 700 nm)
were collected before probe addition (to assess stray light background), after 5 min
equilibration with MC540, and after 10 min treatment with 300 nM ionomycin (a calcium
ionophore which quickly initiates a maximal MC540 response Ref. [2]). Intensity values
from 565 to 615 nm were summed to quantify the overall intensity for each spectrum. The
intensity of the first spectrum was subtracted from the second, and the difference was
divided by the intensity of the third spectrum (also corrected for background) to standardize
for cell number. To quantify shifts in the spectral peak, spectra were fit by nonlinear
regression to an arbitrary function (sum of Gaussian curves). The peak wavelength was then
calculated as the point at which the first derivative of the generated curve was equal to zero.
The magnitude of spectral shifts was calculated by subtracting the peak wavelength of the
second spectrum from the third (ionomycin). The data are expressed as the average change
in peak wavelength after ionomycin addition for the control group minus the change
observed for each individual sample.

Measurements of DPH and TMA-DPH (2.5 uM final) fluorescence were collected with
different configurations of excitation (350 nm) and emission (452 nm) polarizers in the
vertical and horizontal positions after 10 min equilibration of cells with the probe. The
anisotropy () was then calculated from the fluorescence intensity when both polarizers were
vertical (/) and when the excitation was vertical and the emission horizontal (/).
Correction for differential transmission and detection at the two polarizer positions was
included (G) according to convention:

-G,
“l+261, @

Anisotropy measurements were also made with DMPC, DPPC, or DSPC multilamellar
vesicles equilibrated with TMA-DPH during vesicle preparation as described above.
Samples were equilibrated first with the probe and then 5 min at each temperature in 1-2 °C
increments spanning the main phase transition for each lipid (DMPC: 15-35 °C; DPPC: 18-
50 °C; DSPC: 18-60 °C). The change in anisotropy associated with the phase transition was
calculated as the difference in limiting anisotropy values at the two ends of the transition
(10w and 7pjgp) obtained by nonlinear regression using the following:

Yhigh — Tlow

r=rzow+m ®3)

where nis the cooperativity of the transition, and 7, is the melting temperature.

Both Laurdan and Patman (250 nM final) fluorescence intensity measurements were
acquired as a function of time with excitation at 350 nm and emission collected at 435 and
500 nm (/435and /s5p0). Spectral changes were quantified by calculating the generalized
polarization (GP) as follows [28]:

gz — Ispo
Iyz5+1s00
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For Patman equilibration analyses, time courses of probe intensity were smoothed by
nonlinear regression to an arbitrary function (analogous to Eq. 5) and normalized to the
intensity at 435 nm at 400 s to aggregate data from multiple replicate samples. These pooled
data were then fit by nonlinear regression to the following:

I=A(1 — e ")+C(1 — e ) +F  (5)

where A and Care arbitrary scalars, band dare rate constants, and Fis the intercept
intensity. Intensities at both wavelengths were fit together with b and d constrained as shared
parameters. These fitting parameters were then used to calculate model parameter values
according to Egs. 11-14 in the accompanying paper [22]. Error was estimated by using the
extreme values of the 95% confidence intervals for each fitting parameter generated by
nonlinear regression. Every permutation of these fitting parameters was inputted into Egs.
11-14 to determine the range of possible model parameter values. This range is illustrated as
error bars in the relevant figure.

2.4 Flow Cytometry

Cells were treated and prepared as described above. For caspase assays, FAM-VAD-fmk
was added in culture 30 min before cell harvesting according to instructions provided with
the vendor’s Kit. Because peaks were not easily distinguishable for analysis by gating,
histograms of FAM-VAD-fmk intensity were fit with a sum of Gaussian curves. The area
under the curves composing the more positive peak was used to represent the percent of the
population staining positive for caspase activation. Probes for all other flow cytometry
assays (MC540 (250 nM), propidium iodide (10 uM), annexin V) were added after cells
were resuspended in buffer and incubated for 10 — 15 min before data acquisition.
Merocyanine 540 data were analyzed in the same way as for the caspase assay. The annexin
V Alexa Fluor® 488 conjugate was used to assay PS externalization according to
manufacturer’s instructions (Life Technologies, Grand Island, NY). A gate representing
positive staining was determined from samples containing no probe. Propidium iodide and
triton X-100 were used in conjuction to quantify the number of cells containing hypodiploid-
staining DNA due to fragmentation as described [29]. This was determined by setting a gate
below the peak representing G1-phase DNA staining. All flow cytometry samples were
processed in a BD FACSCanto flow cytometer (BD Biosciences, San Jose, CA) with an
argon excitation laser (488 nm). Emission was assessed using a bandpass filter at 515-545
nm for FAM-VAD-fmk and annexin V or 564-606 nm for propidium iodide and MC540.

2.5 Two-Photon Microscopy

Two-photon excitation microscopy was performed at the Laboratory for Fluorescence
Dynamics (Irvine, CA) using an Axiovert 35 inverted microscope (Zeiss, Thornwood, NY).
S49 cells were prepared for experiments as described above, treated with Laurdan, Patman,
DPH, or TMA-DPH (250 nM final), and equilibrated for 10 min before data acquisition.
Excitation was usually set at 753 nm, but when experiments involved only Laurdan or
Patman, 780 nm was used because of more efficient excitation. Using software obtained
from the Laboratory for Fluorescence Dynamics, histograms of Laurdan GP were created for
both the whole cell and the middle of each cell (54 + 5% (SD) of image pixels). The average
GP for the perimeter of the cell was calculated as the difference between the average GP of
the whole cell and its middle.
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3. Results

3.1 Death

A timeline of major apoptotic markers during TG-induced death is shown in Fig. 1. Caspase
activation was assessed using the fluorescent pan-caspase inhibitor FAM-VAD-fmk which
enters the cell and irreversibly binds activated caspases. The caspase cascade was activated
in half of the cells (triangles, dashed curve, left panel) and preceded externalization of PS
(circles, solid curve, left panel), trypan blue uptake (inverted triangles, solid curve, right
panel: note the different time scale on the right panel), and DNA fragmentation (squares,
aashed curve, right panel). Likewise, DNA fragmentation was observed in 50% of the cells,
although it was not complete until 7 h after addition of TG. In contrast, 100% of the cells
exposed PS in the outer leaflet of the cell membrane. This exposure was complete after 3 h
with TG. However, only half of the gain in PS exposed in response to TG was preventable
by the general caspase inhibitor, Z-VAD-fmk (42.3 + 9.2% reduction; p < 0.05; effect of Z-
VAD-fmk on control cells was insignificant; analysis of variance with Bonferroni post-test,
n =5 for all groups). The proportion of the cell population that was permeable to trypan blue
gradually increased, reaching ~85% at 12 h of TG treatment. These results suggested that
about half of the cells died by classical apoptosis although the rest eventually died by
another mechanism.

3.2 Susceptibility to sPLA»

Figure 2 illustrates that treatment with TG rendered S49 cells susceptible to hydrolysis by
SPLA,. Fig. 2A is a summary of the total amount of membrane hydrolysis after different
incubation times with the apoptotic inducer. Maximal hydrolysis was observed after 3 h with
TG. When the vital stain propidium iodide is included to assess viability concurrently, it is
possible to quantify the subpopulation of cells that is still alive but has progressed far
enough into the death process to be susceptible to SPLA,. As demonstrated previously, these
cells exclude the dye until their membranes are damaged by hydrolysis [4, 9]. Figure 2B
shows that this alive and susceptible subpopulation reached a maximum of about 30% of the
total cell population around 3.5 h. As shown in Fig. 2C, about half of this subpopulation was
apoptotic (based on inhibition by Z-VAD-fmk). This proportion of alive but susceptible cells
was large compared to the ~5-8% seen previously with dexamethasone [4, 9], indicating
that TG-induced apoptosis is a good model for exploring membrane changes responsible for
susceptibility. At longer time points, this alive but susceptible subpopulation diminished in
size because a larger proportion of the cells were now already permeable to propidium
iodide in the absence of SPLA,. Comparing the shapes of the time profiles in Figs. 2A and B
demonstrates that the cells continued to be good substrates for SPLA, after they become
permeable to propidium iodide. Interestingly, the subpopulation of alive and susceptible
cells never reached zero at long incubation times even though all other markers of apoptotic
progression indicate completion of the process for vulnerable cells by ~7 h. This result
suggests that about 10% of the cells progress far enough to become susceptible to hydrolysis
but remain static in that state without completing the death process. The ~10% discrepancy
between PS exposure and trypan blue uptake shown in Fig. 1 supports this conclusion as it
illustrates that there are cells with altered membranes that remain alive up to 12 h.

3.3 Probes of membrane biophysics

The strategy we employed to identify the nature of biophysical changes in the cell
membrane associated with enhanced hydrolysis by sPLA, was to use information from
several membrane probes sensitive to the level of lipid order in the membrane (MC540,
Laurdan, Patman, TMA-DPH and DPH). Figure 3 illustrates that TG treatment caused both
an increase in the intensity (Panel A) and red-shift in the peak (Panel B) of the MC540
emission spectrum compared to vehicle controls (DMSO). These two effects appeared to
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follow a similar time course and were maximal by about 5 h. Figure 3C indicates that about
half of the response was prevented by treatment with Z-VAD-fmk. Therefore, the cells
displaying changes in membrane physical properties included both apoptotic and non-
apoptotic subpopulations, as was observed in Fig. 2 C for sPLA vulnerability.

Figure 4A illustrates that DPH anisotropy increased gradually with TG treatment. As shown
by two-photon microscopy in Fig. 4B, DPH distributes rapidly among all membranes in the
cell, thus reporting an average for probe mobility throughout the cell. To isolate effects at
the plasma membrane, we repeated the experiment of Fig. 4A with a charged analog of
DPH, TMA-DPH. The trimethylammonium moiety on TMA-DPH is reported to retard
diffusion of the probe into the cells so that it is enriched in the plasma membrane [21]. This
assertion was verified for S49 cells by two-photon microscopy as shown in Fig. 4D. Figure
4C demonstrates two major differences between TMA-DPH and DPH anisotropy. First, the
baseline anisotropy differed by 0.16 anisotropy units suggesting a very different mobility in
the plasma membrane compared to the cell interior, a result reminiscent of the higher GP
value reported for Laurdan at the plasma membrane compared to internal membranes [9].
Second, the temporal trend during TG treatment was sharper and in the opposite direction
compared to DPH. The time scale for the changes in TMA-DPH anisotropy was comparable
to that observed for MC540.

Figure 5A illustrates the absence of any distinct pattern in Laurdan fluorescence assessed
spectroscopically in bulk samples with increasing TG incubation time. As explained
previously, interpretation of Laurdan data with cells is confounded by the fact that the probe
rapidly penetrates the plasma membrane and stains the interior as well as the exterior of the
cell (Fig. 5B). The problem is mitigated by analyzing images of the fluorescence staining.
Two-photon images (Fig. 5D) suggested that the average Laurdan GP of the cell perimeter
was different from that of the interior. Figure 5C is a quantification of this observation,
confirming the difference between plasma membrane and internal membrane staining and
that this difference changes with TG treatment. Nevertheless, these images cannot
distinguish fluorescence originating from the internal leaflet of the cell membrane versus the
external, which is the site of action of SPLA,.

Patman has essentially the same structure as Laurdan except for a charged moiety attached
to its head [30]. This modification appears to provide the same advantage as TMA-DPH,
i.e., retaining the probe in the outer leaflet of the cell membrane [19, 20]. We verified this
expectation for S49 cells with two-photon microscopy as shown in Fig. 6A. Figure 6B
illustrates that Patman GP decreased with increasing TG incubation time, starting between 1
and 2 h, similar to the time scale observed with MC540 and TMA-DPH. The data suggest
that the maximum response may occur sooner with Patman compared to the other probes,
raising the possibility that the details sensed by this probe are especially early in the time
course of TG-induced apoptosis. In any case, the Patman result suggests greater water
penetration into the plasma membrane [28]. At later time points, when the membranes begin
to become permeable, the reduction in Patman GP appeared to partially reverse, perhaps due
to probe entering the cell interior.

During Patman data acquisition, an interesting phenomenon was observed; the probe
appeared to equilibrate at different rates when emission was measured at 435 nm compared
to 500 nm. These differences are most easily seen by normalizing the data at the two
wavelengths to their own values at 400 s (Fig. 7A). As shown in the accompanying paper
[22], this phenomenon also occurs in artificial membranes and may provide additional
information regarding the properties of the bilayer beyond that revealed by the GP alone.
Extraction of that information requires analysis with a quantitative model such as the one
developed in the companion paper [22]. That model is employed here.
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Accordingly, Patman time courses were smoothed by nonlinear regression using Eq. 5. The
regression curves at 435 (so/id) and 500 nm (dashed) were normalized to the intensity of the
435 nm curve at 400 s. This normalization made it possible to aggregate results from
multiple experiments to examine general patterns in shape. Averages of controls, samples
treated for 2-5 h with TG, and those treated for 6.5-8 h are shown in Figs. 7B, C, and D
respectively. The pattern of Patman equilibration in living cells resembles that observed with
vesicles in that they both represent a sum of two kinetic processes distinguished by rate
constants that differ by at least a factor of 10 [22]. Figure 8 displays the effects of TG
treatment on the parameters associated with the model (discussed below).

4. Discussion

As expected, TG induced apoptosis in S49 cells as seen by caspase activation, PS exposure,
DNA fragmentation, and cell death. These classical events were accompanied by a
previously reported biophysical change in the plasma membrane that correlates with
susceptibility to SPLA, and precedes cell death. Consistent with other studies of apoptosis,
MC540 emission spectra became red shifted and increased in intensity during TG treatment,
suggesting a reduction in lipid packing [9, 31].

DPH and Laurdan have previously been used to investigate changes in membrane fluidity
and order. As a lipid bilayer becomes less fluid and more ordered, movement of DPH
becomes more restricted and its anisotropy increases [32, 33]. Laurdan is sensitive to the
presence and mobility of water molecules near the phospholipid glycerol backbone [28].
Alignment of water dipoles with that of the excited probe shifts the emission spectrum
(quantified by calculating the GP) to longer wavelengths indicating greater water penetration
into the membrane, presumably allowed by a reduction in phospholipid order and packing
[34]. As shown in Figs. 4B and 5B, these two probes quickly cross the plasma membrane to
stain the cell interior, making interpretation difficult. In addition, their fluorescence
properties did not change in a pattern reproducible enough to defend statistically during the
time range when membranes became susceptible to hydrolysis. When the cell perimeter and
interior of two-photon Laurdan images were examined separately, however, an early trend
of decreasing GP was observed. This trend suggested that alterations of the plasma
membrane detected by Laurdan on a time scale relevant to sSPLA, activity do occur (Fig.
5C).

To more fully define this biophysical change in the membrane, charged analogues of DPH
and Laurdan, TMA-DPH and Patman respectively, were utilized. As shown in Figs. 4D and
6A, diffusion of these two probes into the cell interior is reduced, validating their direct use
for assessment of plasma membrane properties. The trend in TMA-DPH anisotropy after TG
treatment was substantially different from that of DPH, showing instead a decrease (Fig. 4C)
at the same time that membranes were becoming vulnerable to SPLA, (Figs. 2A and B).
This diminished anisotropy implied a reduction in stereo-constraints imposed by
neighboring membrane lipids during early apoptosis, a result consistent with the MC540
data. The concurrent drop in Patman GP displayed in Fig. 6B substantiated this
interpretation since a loosening of neighbor-neighbor interactions would allow increased
water penetration into the membrane. The data at long time points (> 6 h) for Patman
suggest that this reduction in lipid order is reversed as the apoptotic process progresses. The
data with TMA-DPH hinted at the same effect, although the late trend was much smaller
than observed with Patman. These results suggest that this phenomenon is either complex in
nature or confounded by membrane blebbing and differential distribution of these probes
during that late time frame. Therefore, at these later time points, Patman and, to a lesser
degree, TMA-DPH could also be staining internal membranes and reflect the increased order
seen with DPH and reported previously for glucocorticoid-induced apoptosis [9]. Moreover,
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the focus of this study is to understand the nature of membrane changes facilitating
hydrolysis by sSPLA; early in apoptosis before membrane integrity is compromised. Thus,
the remainder of the discussion will focus on changes during the 2-5 h interval after TG
addition.

Further information can be obtained from Patman if equilibration kinetics are examined in
addition to the endpoint GP [22]. The same phenomenon shown in Fig. 7 was observed in
artificial vesicles, and suggested that the probe exists in multiple configurations in the
membrane. One possibility is that the configurations correspond to probe localized in
different bilayer domains. This possibility was considered and rejected in the accompanying
study [22] for artificial membranes. Molecular dynamics simulations of other probes with
structure related to Patman suggest a second possibility that these configurations represent
different stereo-conformations of the probe [35]. Experimental measurements of Patman
fluorescence quenching indicate that they may refer to different depths in the membrane
[36]. For parsimony, only two configurations were considered here (referred to as “fast” and
“slow”, see Ref. [22]) even though data such as those shown in Ref. [36] indicated a
possible continuum of Patman locations. With the data gathered thus far, a continuous model
cannot be distinguished from a two-state model in which the observable properties of the
states overlap as a function of the independent variable, in this case wavelength. Regardless
of the molecular details of the configurations, the data in Ref. [22] argue that equilibration of
Patman’s fluorescence represents the local microenvironment relaxing around newly-
inserted probe.

By applying the specific model described in the accompanying paper [22], it was possible to
determine which specific parameters were altered with TG treatment. Figure 8 illustrates
that TG treatment produced three detectable effects. First, a smaller proportion of Patman
molecules populated the “slow” configuration compared to control cells (66% compared to
85%, circles, Panel A). To the extent that the “slow” configuration represents a deeper
location in the membrane, the vertical distribution of Patman molecules was skewed toward
shallower depths after TG treatment. Second, the “fast” configuration became more polar,
presumably reflecting the invasion of water molecules into the membrane (triangles, Panel
A). Third, the rate of equilibration slowed for probes in this more polar microenvironment
(diamonds, Panel B).

The positioning of Patman in the membrane is probably determined by two factors: the
ability to form a salt bridge between its trimethylammonium and the phosphate of a
neighboring lipid, and the strength of the interactions between Patman’s 16-carbon chain
and the surrounding fatty-acid tails. In the accompanying paper, it was proposed that the
“fast” configuration applies to Patman molecules bonded electrostatically to phospholipid
heads and the “slow” configuration connotes Patman molecules with weaker interactions
with the heads and therefore anchored predominately through the 16-carbon tail [22]. The
increase of Patman molecules in the “fast” configuration, then, suggests a weakening of the
interactions between the probe’s hydrophobic tail and neighboring lipids with, perhaps, a net
movement of the probe toward shallower depths.

It was interesting that only the “fast” configuration experienced a change in polarity after
TG treatment. We assume that this polarity increase reflected enhanced water penetration,
an assumption that is well supported [28]. If the two configurations represent different
depths, then only the shallow configuration was influenced by this additional water
penetration. However, fluorescence quenching measurements indicate that the expected
difference in depth is less than an angstrom [36], smaller than the size of a water molecule.
Thus, if depth is the distinction of the configurations, then the change in polarity must be
localized superficially to both depths so that water’s influence on both configurations is
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long-range. The sub-angstrom distinction between configurations must then rely on the
sensitive distance dependency of solvent dipole influences on the fluorophore’s excited state
(i.e., a9, which would produce large changes in solvent effects with small adjustments to
probe location.

The slower equilibration of the “fast” (presumably shallower) configuration implies a
greater diversity of metastable conformations of Patman relative to the molecules
comprising its local microenvironment such that fluctuations among these conformations
delays achievement of steady state. The presence of that diversity further suggests a
lessening of constraints imposed on the probe by neighboring molecules, allowing greater
freedom to sample conformations as equilibrium is approached. This interpretation is also
consistent with the idea that the anchoring of Patman’s tail among the phospholipid chains
has been weakened.

Taken together, the TMA-DPH and Patman results complement the findings with MC540
and suggest that early events in apoptosis produce a membrane that now possesses three new
characteristics. Lipid headgroups are more spaced. The amount and/or depth of water
located among the heads has/have increased. Interactions among lipids in the phospholipid
tail region are reduced so that molecules such as Patman are less tightly anchored to the
deep part of the bilayer and constraints on TMA-DPH maotion are lessened.

Based on these interpretations, we are able to explain the increase in phospholipase activity
on the molecular level quantitatively. In order for hydrolysis to occur, a single lipid must
protrude 1.5 nm from the lipid bilayer up into the active site of SPLA, adsorbed to the
membrane surface [37]. Normally the frequency of such phospholipid protrusions is very
low because of the “friction” opposing this movement created by favorable interactions
between neighboring fatty acid tails. Hence, healthy cells show minimal susceptibility to
hydrolysis by sSPLA,. A reduction of these associations between carbon chains, and thus a
decrease in that “friction,” will increase the likelihood of a single lipid migrating from the
membrane to be cleaved. Here we assume that this reduction in lipid interactions is
analogous to the phase transition of artificial membranes, which is known to greatly enhance
SPLA, activity [38-42]. Therefore, data from vesicles were used to estimate the magnitude
of energy reduction between neighboring lipids during apoptosis and the consequential
change in the density of lipid protrusions. Patman GP and TMA-DPH anisotropy were
measured across the main phase transition of vesicles (pure DMPC, DPPC, or DSPC) to
obtain the total change in anisotropy or GP in each system. The average change in enthalpy
for these phase transitions was used to determine a coefficient relating TMA-DPH and
Patman measurements to energy changes (Table 1). Linear regression of the enthalpy and
probe fluorescence in Table 1 yielded coefficients of 3.00 x 10~6 TMA-DPH anisotropy
units/J and 1.12 x 107 Patman GP units/J. These coefficients were then applied to the
change in TMA-DPH anisotropy and Patman GP after about 3 h of TG treatment (Figs. 4C
and 6B), the time at which the alive and susceptible subpopulation was the largest (Fig. 2B).
As shown in Table 2, TMA-DPH and Patman measurements predicted a —1.31 x 10720 J and
-1.38 x 10720 J change in interaction energy per phospholipid after TG treatment
respectively. The change in density of lipid protrusions after TG treatment was calculated
from an adaptation of the theory presented by Mouritsen and co-workers [23, 24].

—yz
P)=P©0)eXp (ﬁ) (6)
B

where pz)is the probability or frequency of protrusions of distance zand yis the energy
cost of a protrusion of distance z. Some of the parameters, pz), o) and y, are not known for
a cell membrane. However, the proportional change in protrusion frequency (Apz) upon
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discounting the energy cost due to reduced lipid-lipid interactions can be calculated without
explicit knowledge of the basal condition as follows:

p(z,TGi P exp[ _(y+Ayapp)Z/kB T] Ayuppz
Ape= = = )

P(z,control) P(O)eXp(—yZ/k,; T) kg T

where A gy, is the apparent change in interaction energy estimated from the TMA-DPH or
Patman data and z= 1.5 nm. As indicated in Table 2, TMA-DPH and Patman predicted a
50-100-fold increase in the protrusion frequency after 3 h treatment with TG. We note that
this analysis assumes that the membrane environments detected by these probes are
generally synonymous with those hydrolyzed by sPLA,. The diversity of structure within
cell membranes surely implies that the numbers calculated here are averages for the overall
system. Our calculations also assume that all of the phospholipids “seen” by TMA-DPH and
Patman have experienced similar physical alterations. If this assumption is not true, then a
smaller proportion of lipids is experiencing a greater change in protrusion probability than
we have estimated here.

One of the challenges of detailed biophysical studies on simple artificial membranes is
applying the results and conclusions to complex biological systems. In this paper, we have
demonstrated a combined application involving a membrane-binding enzyme (sPLA5) and
two fluorescent membrane probes. In one case, the supporting work with artificial bilayers
included thermodynamic analysis relating kinetic and structural data for SPLA; to create a
molecular model relating lipid dynamics (protrusion fluctuations) to enzyme activity [23,
24]. In the other, we assessed the behavior of TMA-DPH and Patman with artificial
membranes quantitatively to provide a frame of reference for interpretation of data with cells
(Table 1 and Ref. [22]). These quantitative approaches were then used together here to
interpret biological phenomena at a level of detail greater than generally achieved in the
discipline of cell membrane biology. In particular, this study demonstrates a new level of
real time application of fluorescence spectroscopy to bulk samples of living cells.
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Fig. 1.

Timing of apoptotic events during TG-induced death. Cells were treated in culture with
either DMSO (vehicle control; open symbols) or TG (solid symbols) for various times as
indicated on the x-axis. Caspase activation (triangles, n = 6-13 in TG groups, 47 in control
group), PS externalization (circles, each time point is a separate experiment), and DNA
degradation (squares, each time point is a separate experiment) were assessed via flow
cytometry after incubation with FAM-VAD-fmk (30 min), AlexaFluor-labeled Annexin-V
(15 min), or propidium iodide with Triton X-100 (10 min) respectively. Death (inverted
triangles, n = 1-31 in TG groups, 72 in control group) was determined by cell permeability
to trypan blue. Data are represented as the percentage of the population positive for each
response. Nonspecific binding of FAM-VAD-fmk [44] was subtracted from all time points.
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Fig. 2.

Susceptibility of TG-treated cells to SPLA,. Cells were treated for various times with DMSO
(vehicle control; open squares) or TG (solid squares) in cell culture. (A) Fatty acid release
was measured using ADIFAB. The total amount of hydrolysis was calculated as the
maximal change in ADIFAB GP after addition of SPLA, (n = 1-6 in TG groups, 20 in
control group). (B) The percentage of the cell population that was both alive and susceptible
to sPLA, was assessed using propidium iodide (n = 1-18 in TG groups, 63 in control group)
as described in Materials and Methods. (C) Cells were incubated with Z-VAD-fmk or
control solvent (DMSO) for 30 min before TG or DMSO treatment. The percentage of cells
alive and susceptible to hydrolysis by sSPLA, was assayed as in Panel B. Groups differed
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significantly by one-way analysis of variance (p < 0.0001, n = 4-8 per group). A post-test

(Bonferroni) demonstrated that the TG group differed from all others (p < 0.01) and that
cells treated with ZVAD-fmk alone or before TG were indistinguishable from control cells.
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Fig. 3.

Effect of TG treatment on MC540 fluorescence. The effect of DMSO (open squares) or TG
(solid squares) on MC540 emission intensity (A) or spectral maximum (B, expressed as shift
compared to that induced by ionomycin) was obtained and calculated as explained in
Materials and Methods (n = 1-13 in TG groups, 45 in control group). (C) Cells were
pretreated with Z-VAD-fmk or control solvent (DMSO), equilibrated with MC540, and
analyzed by flow cytometry. Data represent the percentage of the cell population staining
positive for MC540. Groups differed significantly by one-way analysis of variance (p <
0.0001, n =5 per group). A Bonferroni post-test revealed that TG significantly increased
MC540 fluorescence (p < 0.001). Treatment with Z-VAD-fmk alone was not distinguishable
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from control cells (p > 0.05). Addition of Z-VAD-fmk before TG treatment was

significantly different from both control cells and cells incubated with TG alone (p < 0.05 in
both cases).
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Fig. 4.

DPH and TMA-DPH anisotropy and localization in TG-treated cells. After incubation with
DMSO (open squares) or TG (solid squares) for the indicated times, DPH (A and B) or
TMA-DPH (C and D) was added to cell samples. Panels A and C show anisotropy
measurements (DPH: n = 2-5 in TG groups, 26 in control group; TMA-DPH: n=2-6in TG
groups, 30 in control group). Panels B and D are representative two-photon images showing
localization of probe intensity after 2 h TG treatment and 12 min equilibration with the
probe. Fluorescence intensity is represented by a relative false color scale (blue, low; red,
high).
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Fig. 5.

Effect of TG incubation on Laurdan intensity and GP. (A) Laurdan GP of cells treated with
DMSO (open squares) or TG (solid squares) for various times was assessed via fluorescence
spectroscopy (n = 1-8 in TG groups, 31 in control group). Values of GP were calculated
from the intensities measured 600 s after probe addition. (B) Laurdan intensity was
visualized by two-photon microscopy after a 3 h incubation with TG and 12 min with probe.
Fluorescence intensity is represented by a relative false color scale (blue, low; red, high). (C)
Images such as that in Panel D were quantified (n = 151 cells) by calculating the difference
in GP between pixels corresponding to the cell perimeter and those in the middle (see
Materials and Methods) for control (open squares) and TG-treated cells (solid squares). (D)
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The image from Panel B is shown with false coloring representing Laurdan GP (blue =
-0.25 GP units; red = 0.75 GP units).
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Fig. 6.

Patman localization and GP after TG treatment. (A) Patman intensity was visualized by two-
photon excitation microscopy after 3 h TG treatment plus 12 min with probe. Fluorescence
intensity is represented by a relative false color scale (blue, low; red, high). (B) Patman GP
of cell samples treated with DMSO (open square) or TG (solid squares) was assessed by
fluorescence spectroscopy. GP was assessed 400 s after probe addition (n =2-7in TG
groups, 25 in control group) The curve was generated by nonlinear regression using an
arbitrary function.
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Fig. 7.

Effect of TG on Patman equilibration kinetics. (A) Patman was added to control cells and
intensity measured for 400 s. Normalized intensity at both 435 nm (solid curves) and 500
nm (dashed curves) is shown to illustrate differences in equilibration kinetics. (B, C, and D)
Equilibration time profiles of intensity at 435 nm, intensity at 500 nm, and GP (dotted
curves) from control samples (B), samples treated with TG from 2-5 h (C), and samples
treated for over 6.5 h (D). Data from both wavelengths were normalized to that measured at
435 nm at 400 s and aggregated (n = 10-25 per group). Gray shading represents + SE.
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Fig. 8.

Effect of TG on membrane properties and Patman distribution. (A) The effect of TG on the
fraction of the probe in the “slow” environment (circles), the polarity of “slow” environment
(inverted triangles), and the polarity of the “fast” environment (triangles) were estimated
using the model developed in [22]. (B) The same model was used to estimate the change in
the equilibrations rates of the “slow” environment (squares) and the “fast” environment
(diamonds). Model parameters and error estimates were obtained from nonlinear regressions
of the data shown in Figs. 7 B and C as explained in Materials and Methods.
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Table 1

Changes in TMA-DPH anisotropy and Patman GP during main phase transitions of DMPC, DPPC, or DSPC
vesicles

Tm(°C)®  AH(@J)2 ATMA-DPH P  APatman GPC

DMPC 23.7 2.43E+04 -0.0943 -0.43
DPPC 41.4 3.46E+04 -0.0916 -0.44
DSPC 54.4 4.18E+04 -0.1235 -0.51

aObtained from averages of all relevant observations reported in LIPIDAT [43].
bAssessed using Eq. 3 as described in Materials and Methods.

cObtained by applying Eq. 3 to Patman spectral data as a function of temperature from Ref. [22].
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Table 2

Change in frequency of lipid protrusions during TG-induced apoptosis

Ar or AGP2 Ayapp(J)b fold increase in p»©

TMA-DPH -0.0237 -1.31x 10720 99.2
Patman -0.0931 -1.38 x 10720 48.9

Page 28

a . . . . . . .
The changes in TMA-DPH anisotropy and Patman GP after 3.25 h TG treatment (the time at which the subpopulation of alive and susceptible

cells is at a maximum) are from Figs. 4 Cand 6 Brespectively.

The coefficients calculated from Table 1 were used to determine Ayzpp, the apparent change in interaction energy estimated from the TMA-DPH

or Patman data.

cCaIcuIated according to Eq. 7.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 February 01.



